Abstract: Bread is a staple food worldwide. It commonly undergoes physico-chemical and microbiological changes which impair its quality and shelf-life. Staling determines organoleptic impairment, whereas microbiological spoilage causes visible mould growth and invisible production of mycotoxins. To tackle this economic and safety issue, the bakery industry has been working to identify treatments which allow bread safety and extended shelf-life. Physical methods and chemical preservatives have long been used. However, new frontiers have been recently explored. Sourdough turned out an ancient but novel technology to preserve standard and gluten-free bread. Promising results have also been obtained by application of alternative bio-preservation techniques, including antifungal peptides and plant extracts. Active packaging, with absorbing and/or releasing compounds effective against bread staling and/or with antimicrobials preventing growth of undesirable microorganisms, showed up an emerging area of food technology which can confer many preservation benefits. Nanotechnologies are also opening up a whole universe of new possibilities for the food industry and the consumers. This work thus aims to provide an overview of opportunities and challenges that traditional and innovative anti-staling and anti-spoilage methods can offer to extend bread shelf-life and to provide a basis for driving further research on nanotechnology applications into the bakery industry.
Introduction
Bread is a staple food worldwide and it comes in many types, shapes, sizes and texture, depending on national and regional traditions. It can be consumed as artisan bread, freshly prepared every day by bakers, or it can be found as commercially packaged sliced bread. According to the International Association of Plant Bakers (AIBI), there is a great number of differences in the patterns of bread production and consumption among European countries. In Greece, Turkey and Italy, craft bakeries represent the highest share and are a rooted food tradition, while in Bulgaria, the Netherlands and the UK, there are high percentages of market share of industrial bakeries, which meet the growing demand for sliced and wrapped bread [1] .
Bread is a dynamic system undergoing physical, chemical and microbiological changes which limit its shelf-life. Physical and chemical changes determine loss of freshness, in terms of desirable texture and taste, and lead to the progressive firming-up of the crumb. Microbiological spoilage by bacteria, yeasts and moulds consists on visible mould growth, invisible production of mycotoxins and formation of off-flavours, which might be produced even before fungal outgrowth is visible. Spoiled bread hence represents a matter of concern, as it causes enormous food waste (i.e., 5-10% world bread production
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Factors Affecting Bread Shelf-Life
Bread Staling
Bread staling refers to all the chemical and physical changes that occur in the crust and crumb during storage and that gradually decrease consumer acceptance, as it is no longer considered "fresh". It is accompanied by loss of crispiness, increase in crumb firmness and crumbliness (loss of cohesion), and loss or change of taste and aroma [8] . Staling is, in fact, mainly detected organoleptically by the changes in bread texture, taste and aroma.
The overall staling process thus consists in two separate phenomena: the firming effect caused by moisture transfer from crumb to crust during storage, and the intrinsic firming of the cell wall material which is associated with starch re-crystallization during storage [9] . In the first case, the crust readily absorbs moisture from the interior crumb, which has a moisture content of about 45%. Evidence shows that during a storage period of 100 h, the crust moisture may increase to 28% [9] . Crumb staling is, on the other hand, a more complex, as well as less understood phenomenon, and the failure to understand the mechanism of the process is the key hindrance to the development of a preventive strategy for bread staling.
Many theories have been nevertheless proposed and discussed so far, such as the important role of starch retrogradation, specifically of amylopectin retrogradation, despite it is not directly responsible for bread staling, the role of gluten proteins and of the gluten-starch interactions.
Storage temperature, moisture migration, crumb-crust redistribution of moisture, and moisture redistribution among components are other factors affecting staling rate. Some anti-staling inhibitors are amylases and debranching enzymes, lipases, lipoxygenases, non-starch polysaccharide-modifying enzymes, proteases, surface-active lipids, and others.
As far as gluten-free (GF) bread is concerned, staling represents one of the major issues, as it is mainly based on starch [10] . Moreover, gluten-free bread often contains a greater density of fat than its gluten-containing counterparts [11] , hence it likely undergoes lipid oxidation. Off-flavours formation might thus impair GF bread sensory profile.
Bread Spoilage
Bread ingredients are supportive to growth of microorganisms and multiplication thereof at various stages of bread production, processing, packaging and storage. Moulds, yeasts and bacteria are the main causative agents of bread microbial spoilage. They are able to grow under a great variety of conditions, also where other microorganisms are not competitive, and are able to survive in the bakery environment [12] .
Mould growth is the most common cause of bread spoilage. Moulds are actually responsible for post-processing contamination. Bread taken fresh out of the oven is, in fact, free of moulds and spores thereof, since they are inactivated by heat during the baking process; however, loaves can be contaminated by moulds during cooling, slicing, packaging and storage, as the environment inside a bakery is not sterile and is a likely source of contamination [9] . Mould development on bread is slow and if the relative humidity of the atmosphere is below 90% they do not grow; however, moulds can grow rapidly in a humid atmosphere and especially on loaf inside a wrapper. When bread is wrapped hot from the oven, water droplets condense on the inside surface of the wrapper and mould growth is promoted. Sliced wrapped bread is even more susceptible to mould spoilage as a wider surface is exposed to mould infections. Several factors can influence the rate of mould growth: the type of flour, the processing method, the packaging and the storage conditions.
Rhizopus nigricans, with its white cottony mycelium and black dots of sporangia, the green spored Penicillium expansum or P. stolonifer, and Aspergillus niger with its greenish to black conodial heads are the most commonly moulds involved in bread spoilage and they are thus referred to as "bread mould" [9] (Table 1) . In detail, in wheat bread Penicillium, Aspergillus, Cladosporium, Mucorales and Neurospora species have been observed, with Penicillium spp. being the most common type of bread mould. In black bread, Rhizopus (nigricans) stolonifer is the most common spoilage mould and it appears as a white cottony mycelium and black sporangia. Some moulds are also responsible for mycotoxin production, thus they present a severe risk to public health.
Although the dominant bread spoilage microbiota is comprised of moulds, sporeforming bacteria represent one more serious matter of concern for bread quality and safety. Sporeforming bacteria are likely present on the outer parts of grains, and subsequently in the air of the bakery environment, and hence ingredients and/or bakery equipment are the primary source of contamination [13] .
The main causative microorganism of bacterial spoilage is Bacillus subtilis, whose spores form endospores and easily survive baking, and can then germinate and grow within 36-48 h inside the loaf to form the characteristic soft, stringy, brown mass with an odour of ripe pineapple or melon due to the release of volatile compounds, such as diacetil, acetoin, acetaldehyde and isovaler-aldehyde [9] . Bacteria also produce amylases and proteases that degrade the bread crumb.
Other species, such as Bacillus pumilus, Bacillus amyloliquefaciens, Bacillus megaterium, Bacillus licheniformis, and Bacillus cereus, have been also identified [13] (Table 1) . According to a recent study by Valerio and colleagues (2012) [14] , B. amyloliquefaciens might actually be the main species related to the occurrence of rope spoilage, as in previous works it was mis-identified as B. subtilis.
Yeast spoilage is the least common of all types of microbial spoilage, and yeasts, like moulds, do not survive the baking process. Contamination rather occurs during cooling, and, in case of industrial bread, it especially happens during the slicing step.
More than 40 species of fungi have been described as contaminant agents of baked foods [15] . They are responsible of yeast spoilage, which especially determines bread off-odours. In particular, when spoilage is due to fermentative yeasts, an alcoholic or estery off-odour is usually recorded. Saccharomices cerevisiae, which is generally used as baker's yeast, tends to be encountered most often.
Contamination can be also due to filamentous yeasts. In that case, the phenomenon known as "chalky bread" occurs. It means that white spots develop in the crumb. This type of spoilage is sometimes confused with mould growth; however, the distinction can be made because yeasts produce single cells and reproduce by budding. H. burtonii, P. anomala and Scopsis fibuligera are responsible for early spoilage of bread products, growing in low, white, spreading colonies that sometimes look like sprinkling of chalk dust on the product surface [16] . The most common and troublesome chalk mould is, however, P. burtonii which grows very fast on bread, and is very resistant to preservatives and disinfectants. Otherwise, yeast spoilage can be caused by Z. bailii, T. delbrueckii, Pichia membranifaciens, and Candida parapsilosis [17] (Table 1) . The same moulds, bacteria and yeasts are causative agents of GF bread microbial spoilage.
3.1.3. Gluten-Free Bread Shelf-Life GF bread shelf-life deserves a separate analysis and discussion, because of the different formulation of this bread in comparison with standard bread, which implies additional challenges in identifying and optimizing preservative strategies.
GF bread is mandatory formulated with GF flours, and the lack of gluten implies at technological level some differences from standard breadmaking [10] . When GF ingredients are mixed, the suspension of air resulting from the mixing process and the carbon dioxide obtained from yeast fermentation cannot be entrapped in the gluten network which does form in standard breadmaking [10] . The result is hence the formation of irregular and unstable cells, leading to lack of cell structure, a reduced volume and a dry, crumbly and grainy texture. GF dough also has a more fluid-like structure and generally contains higher water levels than wheat-based dough, if acceptable crumb wants to be obtained [18] . Upon formation of a complex emulsion-foam system and of a large number of minute air bubbles, surface-active ingredients (e.g., egg whites, lipoproteins) are also generally added, as they allow the entrapment of bubbles by the formation of a protective film around the gas bubbles, and also prevent them from coalescing. Gums, stabilizers, and pre-gelatinized starches are also used, so that gas occlusion and stabilization can occur [10, 19] . However, the very high level of water, the addition of fat ingredients and/or GF starches determine in GF bread a more rapid firming behaviour and a higher susceptibility to microbial spoilage [18, 20, 21] . Some researchers also proposed that in wheat bread the gluten network slows down water migration from crumb to crust and moisture loss, hence in GF bread a faster ageing can be observed [20, 22] .
Staling represents one of the major issues in GF bread, as this latter is often mainly based on starchy ingredients [10] . Interestingly, the ingredients themselves determine a more rapid or slow staling process. For example, it was observed that rice-based GF bread is more prone to retrograde during storage than wheat bread [23] . This might be explained by the fact that a predominant factor regarding bread staling is likely related to starch retrogradation as well, which involves a progressive association of gelatinized starch segments into a more ordered structure, but also the water activity (a w ). Rice bread has a very high a w (≈0.987) which determines a lower microbial stability and hence shelf-life.
However, more recently, the Irish research group led by E. Arendt has observed that other factors other than the presence of absence of gluten may influence the staling rate of GF bread, among which the ratio of amylase to amylopectin [24] .
Traditional Methods to Improve Bread Shelf-Life
Physical Treatments
The bakery industry has traditionally relied on the use of physical methods to extend bread shelf-life, and UV light, IR radiation, MW heating or UHP are some examples.
In detail, UV light is a powerful anti-bacterial treatment, with the most effective wavelength being 260 nm. It is used to control the occurrence of mould spores on bread, and among applications there is direct UV irradiation of the surfaces of wrapped bakery products which allows an extension of shelf-life. It is nevertheless worth mentioning a generally poor penetrative capacity, and the difficulty to treat a multi-surfaced product, as mould spores likely present in the air cell walls within the bread surface are protected from the irradiation [8] .
MW heating allows heating rapidly and evenly loaves of bread without major temperature gradients between the surface and the interior. Generally, a 30-60 s treatment allows making wrapped bread mould-free. However, the application of this treatment is limited by the fact it can cause condensation problems which can hence adversely affect the appearance of the product [8] .
IR treatment can also be used to destroy mould spores, with the advantage of not adversely affecting the quality and appearance of the product or the integrity of the packaging material [8] . Moreover, IR treatment minimizes problems due to condensation or air expansion. Among disadvantages, it is worth mentioning it is quite costly for multi-sided products which are required either to rotate between heaters or to be treated in two separate ovens [8] .
Chemical Treatments
Chemical preservatives can be used alternatively. Weak organic acids (e.g., propionic and sorbic acid) are used to stifle the growth of undesired microorganisms and hence extend bread shelf-life. However, application limits have been laid down within the European Union, and are currently regulated by Regulation (EC) No. 1333/2008 of the European Parliament and of the Council of 16 December 2008 on food additives [6] .
Generally speaking, potassium, sodium or calcium salts of propionic and sorbic acid are the forms most generally used because of the higher water solubility and easier handling than their respective corrosive acids [25] . The limits of 0.2% (w/w) and 0.3% (w/w) are established for sorbate and propionate addition, respectively (EEC, 2008), in both prepacked sliced bread and rye bread. In case of prepacked unsliced bread, a maximum of 0.1% propionate is only permitted.
It was observed that addition of high concentrations of sorbate or propionate are desired for antifungal activity, but it likely implies the alteration of bread sensory properties. Moreover, prolonged usage of these preservatives against spoilage fungi may lead to the development of fungal resistance to them [26, 27] .
In vitro screening experiments have shown that the addition of propionate to rye sourdough bread is not recommended due to the resistance of P. roqueforti [28] , as well as to the fact that propionate has only slight effect in mould inhibition when included in bread at pH 6 [2] .
As regards sorbate, it seems to be more efficient than propionate at inhibiting bread spoilage, but it is rarely used in breadmaking because of its negative impact on bread volume [29] .
Addition of ethanol is one more traditional method and it is somehow preferable to other chemical preservatives. Ethanol concentrations ranging between 0.2% and 12% are reported to increase bread shelf-life [30] . Moreover, its addition on bread surface (0.5% w/w) contributes to improving sorbate and propionate effect [31] . Berni and Scaramuzza (2013) [32] have recently observed ethanol potential to inhibit Crysonilia sitophila, more commonly known as "the red bread mould", and H. burtoni, also known as "the chalky mould", on packed and sliced bread at very low (0.8%) and medium (2.0%) ethanol concentrations, respectively. Interestingly, it is also worth mentioning that no restrictions apply to the use of ethanol as a food preservative, although its presence on labels must be listed. Being it an effective additional barrier to inhibit fungal growth in bread and/or bakery products in general, promising results have been stressed by Hempel and colleagues (2013) [33] upon addition of ethanol emitter in active packaging.
Sourdough
In the past, natural and flavoured bread with a long shelf-life was obtained instinctively, using a traditional long fermentation process: sourdough. Based on that, the bakery industry has recently started to reconsider this traditional fermentation method to possibly replace chemical preservatives and thus guarantee a clean label. Sourdough has thus become an established form of food bio-preservation and the role played by LAB as bio-agents and inhibitors to bread spoilage has been scientifically explored and highlighted.
Robust scientific foundation has been found for the ability of sourdough to retard staling, protect bread from spoilage, and subsequently contribute to extending bread shelf-life [15, 34, 35] . Lactobacillus acidophilus ATCC 20079, Lactobacillus amylovorous DSM 19280, Lactobacillus brevis R2∆, Lactobacillus fermentum Te007, Lactobacillus hammesii, Lactobacillus paracasi D5, Lactobacillus paralimentarius PB127, Lactobacillus pentosus G004, Lactobacillus plantarum, Lactobacillus reuteri R29, Lactobacillus rhamnosus, Lactobacillus rossiae LD108, Lactococcus BSN, Pediococcus acidilactici KTU05-7, Pediococcus pentosaceus KTU 05-8 and KTU 05-10, as well as Leuconostoc citreum C5 and HO12 are some of the LAB strains with an interesting bio-preservative action on bread when used as starter cultures [36] .
The use of LAB-fermented sourdough in itself, nevertheless, allows achieving just a low preservative effect. Acidification through sourdough fermentation was found to inhibit the endospore germination and growth of Bacillus spp. responsible for rope spoilage [37] . However, the pH drop and the acidification, which is usually associated with the production of lactic and acetic acids, are reportedly parameters which can extend bread shelf-life only to a limited extent and/or do not extensively influence mould inhibition [2] .
The anti-bacterial, anti-microbial and anti-fungal ability, that sourdough LAB have shown to possess, is related to the active compounds that they produce and/or release and which are complementary to chemical preservatives or can even substitute their use. The metabolites which mainly exert anti-fungal activity are specifically low molecular mass compounds, such as cyclic dipeptides, hydroxyl-fatty acids, phenyl and substituted phenyl derivatives (e.g., 3-phenyllactic, 4-hydroxypenyllactic, and benzoic acid), diacetyl, hydrogen peroxide, caproate, reuterin, and fungicidal peptides.
Heterofermentative LAB specifically release anti-fungal organic acids [38] . Lactobacillus sanfranciscensis CB1 produces, for instance, a mixture of organic acids, such as acetic, butyric, caproic, formic, n-valeric, and propionic ones. The anti-mould activity of this microorganism against Fusarium, Penicillium, Aspergillus and Monilia spp. is mainly due to these compounds [39] . Strains of Lb. plantarum have shown to exert a broad anti-fungal activity, thanks to the production of inhibiting compounds like 4-hydroxyphenlyllactic and phenyllactic acid. It is also evident that sourdough started with anti-fungal strains of Lb. plantarum allows to reduce the content of calcium propionate in wheat bread by ≈30%, with no negative effect on bread shelf-life [40] . Lb. reuteri releases active concentrations of reutericyclin, a low molecular weight antibiotic active against Gram-positive LAB and yeasts, as well as reuterin, a compound containing the hydrated monomeric and cyclic dimeric forms of 3-hydroxypropionaldehyde, and having antimicrobial activity toward several food spoilage organisms, among which Gram-positive and -negative bacteria, yeasts and moulds.
These compounds are nevertheless present with a relatively high minimal inhibition concentration, which ranges from 0.1 to 10,000 mg/kg [2] , despite being produced in low amount in the fermentation substrate. For that reason, it has been hypothesized that the antifungal inhibitory mechanism likely originates from complex mechanisms of synergy among the low molecular mass compounds [2] .
As regards the synergistic activity of compounds and the antifungal effect of sourdough LAB, Lb. reuteri, Lb. plantarum and Lb. brevis showed to delay fungal growth by eight days in the presence of calcium propionate (0.2%, w/w), The antifungal activity which Lactobacillus buchneri and Lactobacillus diolivorans have against growth of moulds on bread has been often attributed to a combination of acetate and propionate. The preservative effect of Lb. amylovorous has been attributed to the synergy among more than ten antifungal compounds, including cyclic dipeptides, fatty acids, phenyllactate and phenolic acids. Interestingly, it has been also observed that production of antifungal compounds in sourdough is species-and substrate-specific [2] .
The synergy of LAB metabolic versatility, favoring adaptation to the various processing conditions; the mechanisms of proto-cooperation with autochthonous yeasts during sourdough fermentation; the carbohydrate and amino acid metabolism; the synthesis of organic acids, exopolysaccharides and antimicrobial compounds, as well as the conversion of phenolic compounds and lipids by LAB are rather the key parameters to investigate, in order to understand the role played by LAB as a key biotechnology in bread preservation [38, 41, 42] . The antifungal effect of sourdough LAB is attributed to the synergistic activity of several compounds.
The role played by yeasts other than baker's yeast (i.e., S. cerevisiae) is also worth mentioning. Their application has been, in fact, suggested as a promising alternative for bread preservation. Wickerhamomyces anomalus LCF1695 is, for instance, used as a mixed starter in combination with Lb. plantarum 1A7 [43] ; Meyerozyma guilliermondii LCF1353 harbour marked antifungal activity toward P. roqueforti DPPMAF1; sourdough fermented with a combined starter culture-M. guilliermondii LCF1353, W. anomalus LCF1695 and Lb. plantarum 1A7 strain-allows to obtain excellent results in terms of extended shelf-life [44] .
In addition to the antifungal metabolites of lactic acid bacteria, the preservative effect of inhibitory peptides derived from the substrate has been also observed. A water-extract from beans in combination with sourdough fermented with Lb. brevis AM7 contained three natural inhibitory compounds, two phaseolins and one lectin. The combined activity thereof determined a delay in fungal growth of up to 21 days, leading to a shelf life for the bread that was comparable to that found when using Ca propionate (0.3% w/w).
Novel Strategies to Improve Bread Shelf-Life: Active Packaging
Following the development of the Active and Intelligent Packaging Regulations by the European Commission [45] , active packaging can be defined as packaging intended to extend the shelf-life of packaged foods or to maintain and/or improve the condition thereof by releasing or absorbing substances into or from the food or its surroundings. Alongside intelligent packaging, active packaging belongs to innovative packaging systems that are supposed to interact with the food and are not only a mere passive barrier protecting and preserving packaged food from physical, chemical and biological damage, as conventional packaging is.
Different types of active packaging systems are available. Generally speaking, they can be mainly categorized as absorbing and releasing systems [46] . The former remove undesired compounds, such as oxygen, from the package environment, while the latter release compounds, such as antioxidants, preservatives and antimicrobials, to the packaged food or into the head-space of the package [46] . Absorbers and releasers can come in the form of a sachet, a label or a film. Commonly sachets are placed in free form in the package head-space, while labels are fixed into the lid. Any direct contact with food should be prevented, as the function of the system might be impaired and migration might occur. Nanotechnology also enabled designing polymers with improved barrier function against oxygen.
As far as bread and GF bread are concerned, active packaging absorbing oxygen and releasing antimicrobials has been used in order to extend the shelf-life thereof.
Active Packaging with Oxygen Absorbers
Inclusion of an oxygen absorber in the packaging has been used in bakery products, such as bread and cakes, and in prepared foods, e.g., sandwiches and pizza [47] .
Oxygen increases the rate of bread and bakery products staling, and promotes the lipid oxidation in bread containing fats, such as rye bread and GF bread. As a consequence, removing oxygen from the packaging will contribute to preserve the bread desirable texture and taste.
Strategies, such as the removal of oxygen from package by vacuum technology, are not suitable for bakery products. As a matter of fact, vacuum packaging evacuates most of the oxygen present in the package to levels less than 1%, and oxygen is removed also from bread interior pores. This would cause the collapse of bread and rolls, and bread organoleptic properties commonly appreciated by consumers, such as softness, would be lost.
The use of Modified Active Packaging (MAP) to extend bread shelf-life has some drawbacks, as well. In detail, the highly porous structure does not permit complete oxygen elimination and the interchange with gas flowing through the package. Hence, oxygen may persist in the food package. The quantity of oxygen detected in the package headspace may also depend on packaging material permeability to this gas. In case of packaging permeability, oxygen can accumulate over time to a level sufficient to support mould growth [48] .
The addition of oxygen absorbers in the packaging to ensure oxygen removal has been proposed as an alternative strategy to overcome vacuum and MAP packaging drawbacks.
Oxygen absorbers, such as ATCO ® (Standa Industrie, Caen, France) or Ageless ® (Mitsubishi Gas Chemical Co., Tokyo, Japan) have been used to reduce the concentration of oxygen in food packaging. The effectiveness of ATCO ® oxygen absorbers in extending the microbial shelf-life of sliced bread has been investigated and it was observed that the oxygen concentration decreased to below 0.1% within a few days of packaging. In addition, the absorbers did not have any effect on the sensory quality of bread over the storage [49] . Hence, oxygen absorbers enabled to prevent both bread staling and spoilage, since oxygen is an essential factor of growth of mould and strictly aerobic microorganisms. In 1998, Berenzon and Saguyf [50] studied the effect of oxygen absorbers in reducing lipid oxidation of military ration crackers at various storage temperatures (i.e., 15, 25 and 35 • C) over 52 weeks. Nielsen and Rios (2000) [51] investigated the effect of oxygen absorbers on decreasing spoilage organisms such as Penicillium commune and P. roqueforti. They also observed that A. flavus and Endomyces fibuliger persisted at oxygen levels of 0.03%. However, the combination of oxygen absorbers with essential oils from mustard (Brassica spp.), cinnamon (Cinnamomum spp.), garlic (Allium sativum) and clove (Syzygium aromaticum) were found effective [51] . More recently, Latou and colleagues (2010) [52] found that the use of an oxygen absorber in combination with an alcohol emitter was as effective as chemical preservatives are (e.g., calcium propionate and potassium sorbate) in decreasing the growth of yeasts, moulds and B. cereus. The system also inhibited lipid peroxidation and rancid odours for 30 day treatment.
In general, oxygen scavenging technologies are based on iron powder oxidation, ascorbic acid oxidation, catechol oxidation, photosensitive dye oxidation, enzymatic oxidation, unsaturated fatty or immobilised yeast on a solid material [46] . Nevertheless, the majority of oxygen absorber systems is based on the ability of iron to form non-toxic iron oxide under appropriate humidity conditions [46] . As a consequence of iron oxidation, rust formation can be observed. The system is contained in a sachet to prevent the iron powder from imparting colour to the food. Nevertheless, the use of sachets have some drawbacks. They could leak out and contaminate the product. Hence, the absorbers might be accidentally ingested by the consumer. Polymer films and labels have been developed to overcome these issues [46] .
Oxygen absorbers must meet specific criteria to be effective and succeed commercially. In detail, they should absorb oxygen at an appropriate rate, should be compact and uniform in size, should not be toxic, nor produce unfavorable side reactions. The choice of oxygen absorbers is influenced by food properties, such as size, shape, weight and a w of the food, the amount of dissolved oxygen in the food, the desired shelf-life of the product and the permeability of the packaging material to oxygen [53] .
Active Packaging with Releasers: Antimicrobial Releasing Systems
Antimicrobial active packaging is the most common active packaging system which releases antimicrobial agents into the food surface (where microbial growth predominates) inhibiting or retarding microbial growth and spoilage. The main goals of an antimicrobial active packaging system are (i) safety assurance, (ii) quality maintenance, and (iii) shelf-life extension; as a consequence, antimicrobial packaging could play an important role in food safety assurance.
Several antimicrobial agents may be incorporated in the packaging system, namely chemical antimicrobials, antioxidants, biotechnology products, antimicrobial polymers, natural antimicrobials and gas. The most commonly used are organic acids, fungicides, alcohols and antibiotics [46] .
Organic acids, such as benzoic acids, parabens, sorbates, sorbic acid, propionic acid, acetic acid, lactic acid, medium-size fatty acids and mixture thereof, have strong antimicrobial activity and have been used as preservatives in food preparations.
Fungicidal activity was reported for benomyl and imazalil. Antioxidants were also reported effective antifungal agents, due to the restrictive oxygen requirement of moulds [46] . Among alcohols, ethanol has shown a strong antibacterial and antifungal activity, despite it is not effective against the growth of yeast. However, the use of ethanol in food packaging has some drawbacks due to strong undesirable chemical odour. As far as bread and bakery products are concerned, active packaging ethanol emitter systems have been used to extend the shelf-life thereof. The use of ethanol in food packaging is under 2011/10/EC Regulation [54] . It has been generally regarded as safe (GRAS) in the United States as a direct human food ingredient. Labuza and Breene (1989) [55] report the use of Ethicap ® , a food grade alcohol adsorbed onto silicon dioxide powder and contained in a sachet made up of a copolymer of paper and ethyl vinyl acetate. The polymer releases ethanol vapor at a concentration ranging 0.5-2.5% (v/v) that acts as an antimicrobial agent when condensing on the food surface. Vanilla and other compounds are used to mask the alcohol flavour. Ethicap ® has several advantages: (i) ethanol vapor can be generated without spraying ethanol solutions directly onto products prior to packaging; (ii) sachets can be conveniently removed from packages and discarded at the end of the storage period; (iii) low cost. Franke and colleagues (2002) [56] also reported the use of Ethicap ® in pre-baked buns (a w = 0.95) packaging. They found that packaging into gamma sterile PE-LD bags with Ethicap ® delayed mould growth for 13 days, at room temperature. Previously, Smith and colleagues (1990) also observed that ethanol vapor generators were effective in controlling 10 species of moulds, including Aspergillus and Penicillium species, 15 species of bacteria, including Salmonella, Staphylococcus and Escherichia coli, and the species of spoilage yeast [57] . More recently, ethanol emitters have been used in combination with essential oils. Koukoutsis and colleagues (2004) [58] evaluated the water-ethanol (WE) and mastic oil-ethanol (ME) emitters to control the growth of microorganisms in high-moisture and high pH bakery products. Besides preventing or delaying bread spoilage, ethanol is effective against bread staling since it acts as a plasticizer of the protein network of the bread crumb [53] .
Antibiotics might be also used as antimicrobials, but they are not approved for the purpose of antimicrobial functions, and their use is also controversial due to the development of resistant microorganisms.
Unfortunately, no antimicrobial agent effectively works against all spoilage and pathogenic microorganisms. As a consequence, the microorganism properties, such as oxygen requirement (aerobes and anaerobes), composition of the cell wall (Gram positive and Gram negative), the growth-stage they are at (spores and vegetative cells), the optimal temperature for growth (thermophilic, mesophilic and psychrotropic) and resistance to acid/osmosis are fundamental to select the more appropriate antimicrobial agent.
Nanotechnology Application in Active Packaging
Currently, the food industry is pioneering the application of nanotechnology in active food packaging, in order to extend food shelf-life and improving food safety (Figure 1) . Silver nanoparticles, metal oxide (such as titanium dioxide (TiO2), zinc oxide (ZnO) and magnesium oxide (MgO)) and metal hydroxide (such as calcium hydroxide (Ca(OH)2) and Magnesium hydroxide (Mg(OH)2)) nanoparticles have been used in antimicrobial food packaging applications [65] .
The mechanism of action of silver nanoparticles in microorganisms and moulds has been investigated, and it has been shown that they can penetrate into the outer and inner membranes of the cells, disrupting barrier components, such as lipopolysaccharides and proteins. The antimicrobial activity thereof has been attributed to both their ability to inhibit respiratory chain enzymes and disrupt the normal DNA replication and cellular proteins activation processes, as well [62] [63] [64] [65] [66] [67] [68] [69] . Moreover, silver nanoparticle antimicrobial activity is due to the ability to produce reactive oxygen species that cause oxidative stress to microbial cells [70] .
Silver nanoparticles have been also integrated or combined in systems used for bacteria inactivation and have been used in antifouling applications. Orsuwan and colleagues (2016) [71] integrated silver nanoparticles in agar and banana powder films, and composites systems were obtained. They exhibited antimicrobial activity against food-borne pathogenic bacteria, such as E. coli and Listeria monocytogenes. Kanmani and colleagues (2014) [72] incorporated silver nanoparticles in gelatin and they found that bacterial pathogens, such as S. typhimurium, L. monocytogenes, E. coli, S. aureus, and B. cereus, were significantly inhibited in a dose-dependent manner. In detail, Gram-negative S. typhimurium was found to be more susceptible to silver nanoparticles, followed by Gram-positive B. cereus and S. aureus. Pathogens, such as L. monocytogenes and E. coli, were less susceptible to the silver nanoparticles in the gelatin films.
Silver nanoparticles were also integrated in Graphene Oxide and the resulting surfaces were found to inhibit almost up to 100% of bacteria attachment [73] .
Silver nanoparticles anchored on common surfaces, such as glass, also inhibit the formation of biofilms [74] , then they were used as antifouling systems.
Clay and silicates have been also used as nanoparticles in the production of intercalated and exfoliated nanocomposites [75] . The former have a multilayered structure with alternating polymer/filler layers lying apart by few nanometers, while in the latter the filler layers are delaminated and randomly dispersed in the polymer matrix [76] . Anyway, the presence of the filler in polymer increases the tortuosity of the diffusive path for a penetrant molecule, hence it provides the material with excellent barrier properties [59] . Montmorillonite, a hydrated alumina-silicate Nanotechnology has been applied in the production of nanocomposites and in the encapsulation of active compounds.
Nanocomposites are multiphase materials characterized by a polymer (continuous phase) merged to nano-dimensional material (discontinuous phase) that can come in form of inorganic or organic fibers, flakes, spheres or particulates, commonly referred to as "fillers" [54, 55] . Hence, nanocomposites are a fusion of traditional packaging polymers with nanoparticles.
Generally speaking, the inclusion of fillers in nanoscale improves mechanical strength of food package materials and reduces the weight thereof. Nanocomposites have also improved barrier ability against oxygen, carbon dioxide, ultraviolet radiation, moisture and volatiles. In addition, they may (i) let air and other enzymes out but not in, (ii) degrade ripening gas, such as ethylene, and (iii) have antimicrobial activity [56, [58] [59] [60] [61] [62] [63] . Hence, nanocomposites may be used to extend food shelf-life, thus reducing the addition of man-made preservatives in foods.
Several materials, namely metal, metal oxides, metal hydroxides, silica, clay, polysaccharide nanocrystals, carbon nanotubes, chitosan and cellulose have been explored as fillers [64] .
Silver nanoparticles, metal oxide (such as titanium dioxide (TiO 2 ), zinc oxide (ZnO) and magnesium oxide (MgO)) and metal hydroxide (such as calcium hydroxide (Ca(OH) 2 ) and Magnesium hydroxide (Mg(OH) 2 )) nanoparticles have been used in antimicrobial food packaging applications [65] .
Clay and silicates have been also used as nanoparticles in the production of intercalated and exfoliated nanocomposites [75] . The former have a multilayered structure with alternating polymer/filler layers lying apart by few nanometers, while in the latter the filler layers are delaminated and randomly dispersed in the polymer matrix [76] . Anyway, the presence of the filler in polymer increases the tortuosity of the diffusive path for a penetrant molecule, hence it provides the material with excellent barrier properties [59] . Montmorillonite, a hydrated alumina-silicate layered clay consisting of an edge-shared octahedral sheet of aluminum hydroxide between two silica tetrahedral layers is the most widely studied type of clay fillers [59] . Agarwal and colleagues (2014) [77] compared the shelf-life of bread stored in polypropylene films (control packaging) and in polypropylene films coated with montmorillonite-nylon 6 (MMT-N6) nanofibres. They determined the fungal and microbial growth at the end of 5th storage day and observed fungal growth on bread packed in control packets, while no growth was found in test packets. As far as the microbial count is concerned, bread samples packed in polypropylene packets at the end of 5 days showed 2.9 × 104 CFU/g, while in nanocoated packets the microbial count was 92 CFU/g. At the end of 7th day of storage, control bread showed microbial growth in the range of 7.25 × 104 CFU/g of bread sample, and bread packed in MMT-N6 coated packets showed 230 CFU/g of bread sample. Hence, the use of MMT-N6 coated films enables to increase bread shelf life of almost 2 days, which is quite significant for both industry and consumer. Montmorillonite has been used also combined to silver nanoparticles to extend the shelf-life of foods other than bread.
Silver nanoparticles have been widely used in food packaging, even combined to metal oxides. Cozmuta and colleagues (2014) [78] investigated the effect of silver/titanium dioxide (Ag/TiO 2 )-based packaging on bread shelf-life and they found that proliferation of yeast/moulds, B. cereus and B. subtilis was reduced compared to bread stored in open atmosphere or in common plastic package. Moreover, they found that the degradation rate of the main nutritional compounds also decreased. More recently, Peter and colleagues (2016) [79] investigated the possibility of using paper packages modified with Ag/TiO 2 -SiO 2 , Ag/N-TiO 2 and Au/TiO 2 to extend white bread shelf-life. They found packages with Ag/TiO 2 -SiO 2 , Ag/N-TiO 2 paper enabling to extend bread shelf-life by 2 days, while no effect was observed by using Au/TiO 2 paper.
Silver nanoparticles have been also included in polypropylene food containers such as Fresher Longer™ Plastic Storage and BagsFresherLonger™ Miracle Food Storage. They were reported to keep bread and also fruits, vegetables, herbs, cheeses, soups, sauces, and meats fresher 3 or even 4 times longer and to reduce the bacterial growth by 98% compared to conventional food containers [80] .
Nanoencapsulation of antimicrobial agents is also an example of application of nanotechnology to extend bakery products shelf-life Generally speaking, encapsulation protects the antimicrobial compounds against chemical reactions and undesirable interactions with food components and controls the delivery thereof [81] . Compared to microencapsulation that guarantees protection of antimicrobial compounds against degradation or evaporation, the high surface area to volume ratio of the nanoencapsulation systems enables to concentrate the antimicrobials in food areas where microorganisms are preferably located [82] .
Nanoencapsulation has been also used in order to obtain antimicrobial packaging systems. This technology has been applied to essential oils that can act as potent antimicrobials, may present antifungal activity and/or have antioxidant properties. A major drawback in using essential oils is that they must be added in small amounts to foods to prevent the deterioration of food sensory properties. The nanoencapsulation of essential oils enables to overcome this issue. It consists in coating essential oils within another material at sizes in the nanoscale in order to increase the protection thereof, reduce evaporation, promote easier handling, and control their release during storage and application. The combination of essential oils with paper, edible films based on milk proteins, chitosan, or alginates has been experimented with. Otoni and colleagues (2014) [83] reported the incorporation of microand nanoemulsions of clove bud (Syzygium aromaticum) and oregano (Origanum vulgare) essential oils into films from methylcellulose in order to extend slice bread shelf-life. They studied mould and yeast growth over 15 days and found that at 15 days of storage, bread placed in the antimicrobial film from methylcellulose and nanoemulsions of clove bud and oregano essential oils showed the lowest count of yeasts and moulds, followed by a bread sample added with a commercial antifungal (sorbic acid, calcium propionate, ethanol, and alcohol) and then by a bread sample placed in oil-free methylcellulose film/metalized polypropylene bags (which were sealed and stored at 25 ± 2 • C in an effort to simulate usual commercialization conditions of bakery products bread).
In 2011, Gutierrez and colleagues [84] investigated the effect of an active packaging with cinnamon essential oil label combined with MAP to increase the shelf-life of gluten-free sliced bread. They found that the active packaging considerably increased the shelf-life of packaged food maintaining the sensory properties of the gluten-free bread.
Souza and colleagues (2013) [85] investigated the effect of different amounts of cinnamon essential oil on antimicrobial activity, mechanical and barrier properties of films from of cassava starch, glycerol and clay nanoparticles and they found that all films showed effective antimicrobial activity against P. commune and E. amstelodami, fungi that are commonly found in bread products. [86] . The principles set out in the above-mentioned regulation require that materials do not release their constituents into food at levels harmful to human health and do not change food composition, taste and odour in an unacceptable way.
Actually, active packaging is not inert, by its design, and may release or absorb substances to or from the food or its surrounding environment. Hence, active packaging is exempted from the general inertness rule in Regulation (EC) No. 1935 and is regulated by EC regulation No. 450/2009 [45] . The released substance has to be authorized by food legislation and should undergo a safety assessment by EFSA before being authorized. Moreover, it can be released only in authorized quantities. Regulation (EC) No. 450/2009 also foresees the establishment of a list of substances permitted for the manufacture of active materials.
As far as the application of nanotechnology to food packaging, little is known about the fate and toxicity of nanoparticles and there is an urgent need for specific guidelines for testing of nanofoods.
In 2011, the European Food Safety Authority (EFSA) published a scientific opinion (EFSA Scientific Committee, 2011) to be intended as a practical approach to assessing potential risks of nanomaterials application to food and feed chain. In the above-mentioned document, EFSA stated that data about interaction between nanomaterials and food matrices, behaviours of nanomaterials in human body and methods to determine such interactions and behaviours are missing, despite their relevance for risk assessment.
Also FAO and WHO jointly developed a technical paper on the State of the art on the initiatives and activities relevant to risk assessment and risk management of nanotechnologies in the food and agriculture sectors. In the document, national and international scientific (i.e., risk assessment related) and regulatory (i.e., risk management) activities on applications of nanotechnology in food and agriculture were reviewed in order to set up the context for future needs and perspective.
Actually, the difficulty to characterize, detect and measure nanoparticles alone and in complex matrices, such as food and biological samples [87] leads to the lack of exhaustive and complete toxicological data.
Conclusions and Future Perspectives
Active packaging is an emerging area of food technology that can confer many preservation benefits on a wide range of food products. The main goal of active packaging systems is to maintain sensory quality and extend the shelf life of foods while maintaining nutritional quality and ensuring microbial safety. This results in decrease of food waste at the same time.
Nanocomposite films have/display anti-microbial properties thanks to anti-microbial agents and because of their improved structural integrity, which results from the barrier properties created by the addition of nanofillers. In addition to the use as packaging materials, nanocomposites can be also used as delivery systems by helping the migration of functional additives, namely antimicrobials. Nanoclays can be used as carriers for the active agents, as well. Further developments of active packaging and the application of nanotechnology to packaging will depend on safety issue and consumer acceptance.
So far, the application of nanotechnology to food extend bread and bakery products shelf-life has been poorly exploited, however, it might enable to retain bread organoleptic properties, especially of GF bread and reduce bread spoilage, thus reducing bread waste.
The main advantages of active packaging for bakery product distributors are increased stock rotation cycle times and extension of the geographic distribution network. Consumer can also take advantage from active packaging, since bakery product can be stored unrefrigerated for longer time and ready anytime as fresh tasting meal or snack.
Sourdough fermented with anti-fungal and anti-mould strains of LAB is also an area of increasing focus, besides allowing the production of GF bread with enhanced nutritional value, quality and safety. Moreover, it is so far in-line with consumer's quest for "natural" products, that is, products containing fewer additives. Promising results have been also obtained by the application of other alternative bio-preservation techniques, including the utilization of antifungal peptides and plant extracts. The latter can be also added to bread formulations or incorporated in antimicrobial films for active packaging of bread.
